In both DNA and RNA, stretches of guanine bases can form stable fourstranded helices in the presence of sodium or potassium ions. Sequences with a propensity to form guanine tetraplexes have been found in chromosomal telomers, immunoglobulin switch regions, and recombination sites. We report the crystal structure at 0.95 A Ê resolution of a parallelstranded tetraplex formed by the hexanucleotide d(TG 4 T) in the presence of sodium ions. The four strands form a right-handed helix that is stabilized by hydrogen-bonding tetrads of co-planar guanine bases. Wellresolved sodium ions are found between and, at de®ned points, within tetrad planes and are coordinated with the guanine O6 groups. Nine calcium ions have been identi®ed, each with a well-de®ned hepta-coordinate hydration shell. Hydrogen-bonding water patterns are observed within the tetraplex's helical grooves and clustered about the phosphate groups. Water molecules in the groove may form a hydrogen bond with the O4 H , and may affect the stacking behavior of guanine. Two distinct stacking arrangements are noted for the guanine tetrads. The thymine bases do not contribute to the four-stranded conformation, but instead stack to stabilize the crystal lattice. We present evidence that the sugar conformation is strained and propose that this originates from forces that optimize guanine base stacking. Discrete conformational disorder is observed at several places in the phosphodiester backbone, which results from a simple crankshaft rotation that requires no net change in the sugar conformation.
Introduction
For nearly 100 years, it has been known that polyguanylic acid can form polycrystalline gels in the presence of monovalent cations. Even the single nucleotide, guanine monophosphate, can form well-ordered gels. Gellert et al. (1962) proposed that the highly ordered structure arose from the assembly of guanine bases into square-planar groups that resemble macrocycles, in which the bases interact via hydrogen bonds. In this model, the N1 and N2 atoms of one base donate hydrogen bonds to the O6 and N7 atoms of an adjacent base, yielding eight hydrogen bonds per planar guanine ring (see Figure 1(a) ). This model was subsequently corroborated by ®bre diffraction studies, which indicated that the planar rings readily stack in a helical fashion. Such stacking brings the O6 carbonyl oxygen atoms of adjacent tetrads into close proximity to form a binding site for small cations (Tougard et al., 1973; Arnott et al., 1974; Zimmerman et al., 1975; Zimmerman, 1976) . Tetraplex structures formed by guanine oligonucleotides with either deoxyribose or ribose sugars have recently been characterised by X-ray diffraction and NMR studies (Aboul-ela et al., 1992 (Aboul-ela et al., , 1994 Cheong & Moore, 1992; Kang et al., 1992; Laughlan et al., 1994; Schultze et al., 1994; Smith & Feigon, 1993; Wang & Patel, 1992 . These studies show that the strands can associate in parallel or a variety of antiparallel orientations, and thus generate a number of diverse conformations.
Until recently, it was not clear whether fourstranded DNA or RNA have any function in cells, but accumulating evidence has implicated tetraplexes in a number of potential biological roles. Guanine tracts have now been identi®ed in chromosomal telomeres in organisms throughout the animal kingdom (Blackburn, 1991) and the immunoglobulin switch regions of higher organisms (Sen & Gilbert, 1988) . These sequences have been shown to associate by hydrogen bonding in vitro to form four-stranded DNA (Sen & Gilbert, 1988; Sundquist & Klug, 1989; Williamson et al., 1989) . The functional relevance of tetraplexes has been further supported by the identi®cation of proteins which recognise and promote the formation of four stranded DNA structures in vitro (Fang & Cech, 1993; Liu & Gilbert, 1994; Liu et al., 1995; Rhodes & Giraldo, 1995) . Indeed, the slow rates of formation and extreme stability of tetraplexes suggests that their formation equilibria in vivo might be controlled by chaperone-like molecules. The structure which we report here is related to the telomeric repeat sequence found in Tetrahymena, the unit of which is TTGGGG. We had crystallized the short DNA sequence, TGGGGT and reported previously the structure at 1.2 A Ê from data collected at 277 K (Laughlan et al., 1994) . In agreement with NMR studies of the same sequence (Aboul-ela et al., 1992 (Aboul-ela et al., , 1994 , the DNA was found to form a parallel-stranded, right-handed helix. The crystal structure revealed sodium ions coordinated to the guanine bases in the central cavity of the helix. The diffraction data have now been extended to 0.95 A Ê using data collected at 100 K, and the high-resolution model has been re®ned. We describe the details of the tetraplex stereochemistry and hydration patterns in this higher resolution structure.
Results and Discussion
Despite the simplicity of the constituent hexanucleotide, the asymmetric unit of the d(TGGGGT) crystals is complex, for it is comprised of four independent tetraplexes (Figure 2 ). The four molecules can be grouped into two pseudo-equivalent sets in which a pair of tetraplexes are co-axially stacked with a 5 H to 5 H orientation. This generates a ladder of eight stacked tetrads. In both sets, sodium ions lie at discrete points on the DNA axis. Calcium ions lie on the equator of the unit cell, and stabilise contacts between adjacent tetraplexes. The convention used in this paper to identify the tetrads is indicated in Figure 2 (a).
In Figure 1 (b), the electron density is shown for one of the central guanine tetrads at the interface between two stacked tetraplexes (i.e. tetrads of the type G-2/G2). The tetrad is planar and is stabilised by eight hydrogen bonds (Figure 1(a) ). The electron density also clearly de®nes a sodium ion which lies outside the plane of this guanine tetrad. The sugar and phosphate backbone are also clearly de®ned throughout the structure, as indicated by the representative electron density shown in Figure 3 (a) and (b).
The central core of the stacked tetraplexes has a line of seven sodium ions that are coincident with helical axes. The intermolecular ion between the stacked tetraplexes is equidistant from the upper and lower tetrad (i.e. tetrads of the type G2 and G-2). Here, the metal is bipyrimidally coordinated by eight equidistant carbonyl oxygen atoms. However, the sodium ions that are within a tetraplex deviate from the symmetrical geometry: the metals are slightly displaced in the 3 H direction, and this displacement grows larger as one moves toward the 3 H termini (Figure 1(c) ). Indeed, the terminal sodium is so greatly displaced that it has become co-planar with the guanine bases (Figure 1(d) ). A water molecule is coordinated axially to the terminal sodium ion, and forms a hydrogen bond with a thymine from a tetraplex in the neighbouring asymmetric unit. The noted displacements of the ions within the tetraplexes may arise from electrostatic repulsion of the sodium ions in adjacent tetrads. In this regard, the stability of the tetraplex might seem a puzzle, since the sodium ions approach so closely. However, the sodium-sodium repulsion may be partially shielded throughout the structure by the partial electronegative charges of the coordinating carbonyl groups, which may be as great as half a charge (MacKerell et al., 1995) .
As one moves toward the 3 H end of each tetraplex, the separation of carbonyl oxygen atoms within each tetrad increases and the tetrad planes buckle. These adjustments may be required to accommodate the asymmetrically displaced sodium ions. The 1.2 A Ê structure reported earlier was studied at 277 K, while the 0.95 A Ê structure was studied at 100 K. The lower temperature compresses the cell by 1.0 to 1.9% along each axis ( Table 1 ). The compression is principally along the helical axis of both stacked tetraplex pairs (i.e pairs A/B and C/D in Figure 2 ), and the associated structural changes are small and distributed.
Base-stacking interactions
The stacking of tetrads within and between tetraplexes differ, as shown in Figure 4 . An example of tetrad stacking within a tetraplex is shown in Figure 4 (b). Here, the six-membered ring of the 3 H guanine base lies over the ®ve-membered ring of the 5 H guanine base, which is similar to the stacking arrangement seen in poly(dG)-poly(dC) duplex DNA (McCall et al., 1984) . A second type of stacking interaction occurs at the 5 H -5 H interface between coaxial tetraplex molecules, where ®ve-membered rings are almost maximally overlapped (Figure 4(a) ). In projection, this resembles a decagon, where the vertices of one ®ve-membered ring lie between those of the ring below. The stacking geometry brings the carbonyl oxygen atoms of the upper and lower tetrads into proximity. It is interesting to note that a similar stacking contact is observed in antiparallel tetraplexes (Kang et al., 1992; Wang & Patel, 1992 .
Counterion interactions
The crystal lattice order was greatly improved by the addition of calcium ions, implying a stabilizing role for these ions. We have identi®ed nine calcium counterions in the electron density map ( Figure 5 ), all of which cross-bridge neighbouring tetraplexes. Eight of the calcium ions lie in two planes running through the 5 H -5 H interfaces which are normal to the helical axes (Figure 2(a) ). The remaining ninth calcium ion can be viewed to the left of tetraplex A, midway down the length of the tetraplex (Figure 2(a) ). This ion would appear to contribute to the non-equivalence of the two tetraplex pairs.
Nearly all the calcium ions coordinate seven water molecules (Figure 5 ), which in turn donate hydrogen bonds to phosphate oxygen atoms and stabilise a second hydration shell.
One calcium ion, making the exception to the rule, takes a thymine O4 as the seventh ligand. The Ca 2 ±oxygen distances vary between 2.33 and 2.56 A Ê . 
Hydration patterns
The hydration structure in the grooves and about the phosphate groups is clearly discernable in the electron density maps ( Figures 5 and 6(a) ). The averaged intra-strand separation of phosphates in the four tetraplexes is 6.6 A Ê , which is similar to that of B-form DNA. Water molecules cluster around individual phosphate groups, but we do not observe any water molecules bridging adjacent phosphate groups, as occurs in A and Z forms (Saenger et al., 1986) .
Because all its strands are parallel, the tetraplex studied here should have 4-fold symmetry, and indeed the four tetraplex grooves are found to be almost equivalent with respect to hydration structure. The four grooves are relatively narrow, varying between 2.3 and 3.3 A Ê in width as measured by cross-strand phosphate separations. Hence, they are favourable binding sites for water molecules, a N obs is the number of unique re¯ections, after merging the data. The average measurement redundancy is 1.9. which form hydrogen bonds with the exposed N2 amino group, the heterocyclic N3 and with each other to create well supported networks (Figure 6 (a) and (b)).
To examine patterns of hydration, we have superimposed the base atoms of 64 guanine-guanine pairs and plotted the distribution of water molecules (Figure 6(b) ). One position seems to be preferred where water molecules are localised by hydrogen bonding to the N2 and the N3 atoms. The other two favoured positions lie slightly out of the plane of the guanine base. These water molecules interact with either the N2 or N3 group of adjacent bases and the phosphate backbone or calcium counterions. The guanine hydration pattern in the tetraplex has some similarities to that of Z-DNA. In the latter, water molecules have a preference for N2 over N3 relative to the B and A forms, where N3 is preferred over the mostly unhydrated N2 (Schneider et al., 1993) .
We noted that water molecules are often found deep in the groove near each of the furanose oxygens (O4 H ; Figure 6 (a)). These water molecules are linked together in a spine by a second layer of water molecules. The deeper molecules accept hydrogen bonds from the N2 atom (mean N2 ± water oxygen atom distance is 2.95(AE0.05) A Ê ) and interact with two of the second layer molecules. The mean water oxygen to O4 H distance is 2.80(AE0.05) A Ê , and many of the distances lie within van der Waals radii. The O4
H lies at the apex of a tetrahedral pyramid about the water molecule (Figure 6(a) ). Its close contact and geometry suggests that the water molecule donates a hydrogen bond to the furanose oxygen atom. As the water molecule links the guanine N2 with the sugar of the adjacent base, it might affect the preferred base-stacking geometry.
In Figure 6 (c), we have superimposed the thymine base atoms for all 28 ordered thymine bases of the model, and have included water molecules within a 5 A Ê radius. This might be considered as a sampling of the ensemble of available water networks. It is apparent visually that water molecules cluster at the N3 position. There is also a weaker bimodal distribution about the O2 and O4, which is similar to the patterns observed by Schneider et al. (1993) for thymine in B-DNA. It seems likely that the preferred patterns of the primary hydration shell occur in the exposed base when free in solution and must be displaced during strand association, contributing a favourable entropic component to the free energy of this process.
The non-polar 5-methyl group is partially exposed to the solvent, which is thermodynamically unfavourable. Others have noted that water can form de®ned structures (pentagons, in particular) around exposed non-polar groups in protein structures (Teeter et al., 1993; Bouquiere et al., 1994) . There is no analogous water ordering around the thymine methyl group, which is never entirely exposed to solvent since the stacking of the thymine bases partly occludes the methyl group (Figure 2(b) and (c)) . Consequently, only a band across the surface of the methyl group is exposed to the solvent, and this may not be suf®-cient to drive water ordering.
Stereochemistry of the sugar and phosphodiester backbone
Owing to the clear de®nition of the electron density maps, the pucker of all the sugar rings can be determined unambiguously. Almost all have pseudorotation angles that fall within the ranges described for ideal B-form DNA ( Figure 3(b) ; Table 2 ). However, the four sugar rings in the G2 tetrads of tetraplexes B and D at the 5 H -5 H interface (but not the G-2 tetrad of tetraplexes A and C) assume a 3 H -exo pucker, similar to that of A-form DNA (Figure 3(a) ). This occurs in order to avoid steric clash between the O4
H groups of G2 with those of the neighbouring tetrad G-2. For the subset of the eight G2 tetrad sugars of tetraplexes B and D, the average pseudorotation phase angle is 38.4(AE9.3)
, while for the remaining 56 guanine nucleotides, the average is 150.3(AE21.0)
. This switch in sugar conformation constitutes the only apparent anomaly in the conformational similarity of the four tetraplex structures in the unit cell. Table 2 summarises the torsion angles of the phosphate backbone. The values of all torsion angles lie within a tight distribution, with the exception of the d and e angles found for the interface sugars of G2 tetrads. As noted above, these sugars also have profoundly different pseudorotation phase angles. The distribution of the values of the d and e angles in the 56 internal tetrads are Values represent means over the group and, in parentheses, the standard deviation. There are eight samples in the junctions group (tetrads B2 and D2) and 56 in the internal group (representing tetrads A2,A3,A4,A5, B3,B4,B5, C2,C3,C4,C5, D3,D4 and D5). The angles were calculated using NEWHELIX93 (R. E. Dickerson).
a P arctan {(u 4 u 1 ) À (u 3 u 0 )/[2 u 2 (sin36 sin 72 )} b Mean and standard deviations for the tetrads where the angles are de®ned. The angles were calculated using NEWHELIX93 (R. E. Dickerson).
shown in Figure 3(c) . These values lie outside of the reported range for free nucleotides and ideal A and B form DNA (Moodie & Thorton, 1993; Neidle, 1994) , suggesting that the backbone of the parallel tetraplex may actually be strained in the crystal structure.
The helical trajectory of the parallel tetraplex molecule is relatively underwound, with 12 bases per turn, in comparision with both B-form DNA (10.5 bases/turn) and A-form (11 bases/turn). This distinctive twist may optimise guanine stacking. The energetic penalty associated with any deviation from the optimal stacking will be quadrupled by virtue of the molecule H s 4-fold symmetry. Therefore, there is a strong force to set the twist to an optimal value to maximise the attractive basestacking interaction. As discussed above, the sugar conformations of the tetraplex resemble those found in B-DNA, and this might appear to be inconsistent with an underwound helical structure. The strain in the phosphate backbone torsion angles of the tetraplex is probably an unavoidable consequence of forcing the twist to optimize guanine stacking. In duplex DNA, local adjustments may occur to compensate for alteration in helical repeat, such as rolling and sliding motions; however, these movements may not be available for the tetraplex so that the backbone might become strained as a consequence.
The w angle, which describes the rotational positioning of the base with respect to the sugar, typically extends between 180 and 300 for the anticonformation of purine nucleosides (Saenger, 1984) . As shown in Table 2 , the guanine bases in the parallel tetraplex are exclusively in the anti-conformation. NMR studies also show that the bases are anti in solution (Aboul-ela et al., 1994) . This is in contrast to the regular alternation between syn and anti-glycosyl torsion angles found in consecutive guanine bases in antiparallel tetraplexes (Kang et al., 1992; Wang & Patel, 1992 Smith & Feigon, 1993 : Wang et al., 1991 . While the w values for the G2 sugar residues at the head-to-head junction (which have the unusual pseudorotation phase angles) have values near 180 , the range for the internal tetrads lie roughly between 240 and 250 . The high resolution of the data also permitted the unambigious identi®cation of discrete disorder in the phosphate backbone. The initial 2F o À F c map revealed depleted density at certain O1P groups, but in¯ated density for the O2P, with elliptical density for the O5 H and O3 H groups (Figure 3(d) ). Studying a F o À F c difference map, it became clear that this arises because the phosphate backbone assumes an alternative conformation, which places the phosphorus atom close to the original O2P position (Figure 3(e) ). Five points of such disorder where found. It is interesting to note that the disorder is not propagated to the sugars on either side of the phosphodiester groups, as the density on the deoxyribose appears to be wellde®ned. This suggests that the switch in phosphate backbone torsion angle does not require any net structural change in the sugar. Rotations in the sugar are most likely coupled tightly with the movements in the backbone that bring about the two discrete conformations. These observations suggest that, while the backbone in duplex DNA is quite¯exible, it may have an highly anisotropic character. It might therefore be more appropriate to model the phosphate groups of crystal structures with anisotropic thermal disorder factors, rather than isotropic ones.
Materials and Methods

Oligonucleotide synthesis and purification
Oligonucleotides were synthesized using b-cyanoethyl phosphoramidite chemistry (Beaucage & Caruthers, 1981; Sinha et al., 1984) implemented on a 394 DNA/ RNA synthesiser (Applied Biosystems) without 5
H deprotection. They were puri®ed by reverse-phase chromatography (NENSORB, Dupont), followed by detritylation.
Crystallization and data collection
The puri®ed d(TG 4 T) was dissolved at 6 to 12 mM concentration in 5 mM Hepes (pH 7.0) and 0.1 M NaCl, and tetraplex formation was induced by slow cooling from 70 C. The annealed sample was then dialysed against 50 mM NaCl and concentrated using a 3 kDa molecular mass cutoff membrane (Centricon-3, Amicon, Beverly, MA).
The crystals were grown from high concentrations of NaCl and require CaCl 2 for improved order. Crystals were grown at 4 to 6 C by vapour diffusion from hanging droplets containing 20 mM sodium cacodylate-HCl (pH 6.6), 12 mM CaCl 2 , 6 mM spermine tetrahydrochloride, 130 to 180 mM NaCl, 5% (v/v) 2,4-methylpentanediol (MPD) and 1 mM d(TG 4 T). The droplets were equilibrated against reservoirs containing 120 mM sodium cacodylate-HCl (pH 6.6), 70 mM CaCl 2 , 700 mM to 1 M NaCl, and 26 to 32% MPD. Crystals grew within two weeks to a typical size of 300 mm Â 200 mm Â 200 mm. The crystals were often twinned and in some cases required manual disection.
In preparation for cryogenic data collection, crystals were isolated in a small ®brous loop, immersed in neat mother liquor and then rapidly exposed to a dry nitrogen stream at 100 K. Data were measured from one crystal at Station BW7B at DESY, Hamburg using 0.93 A Ê wavelength radiation. The diffraction pattern below 2 A Ê resolution was problematic due to crystal twinning, and this diminished the quality of the data; however, the higher resolution data were free of twinning patterns and are of good quality. To correct for the poorer low resolution data, additional diffraction measurements were collected at Station 9.5 at SRS, Daresbury Laboratory from 20 to 2 A Ê resolution. Data were processed and integrated using DENZO (Otwinowski, 1993) . A total of 112,719 re¯ections are in the unique data set, representing 88.8% of all the re¯ections to 0.95 A Ê . The cell dimensions and the quality of the merged data set is summarised in Table 1 .
Structure refinement
The starting model was the 1.2 A Ê structure re®ned earlier from data collected at 4 C (Laughlan et al., 1994) . The water structure was initially rebuilt using an automated water re®nement procedure (ARP; Lamzin & Wilson, 1993) and SHELXL93 (Sheldrick, 1993) . The re®nement was constrained for atom-pair distances only, using parameters derived from a recent DNA database (Parkinson et al., 1996) and block-diagonal matrices. The re®ned model includes 590 water molecules and contributions of hydrogen atoms, anisotropic temperature factors for all non-hydrogen atoms, and bulk-solvent. The free R factor was monitered throughout the early stages of re®nement to test each step of the procedure. The ®nal R-factor is 15.2% for all data and the goodness-of-®t [AE h {F obs (h) 2 À F calc (h) 2 ) 2 /(n-p)] 0.5 is 1.75, where n is the number of re¯ections and p is the total number of re®ned parameters. The r.m.s. bond length deviation from ideality is 0.016 A Ê . The ®nal R-factor is higher than expected, and this may be due to the poorer quality of the low resolution data and to disorder of ®ve thymine bases, which could not be observed even at the last stage of re®nement and map interpretation.
